based on core principles of open-source code development, modular structure, nimble approach to 45 innovation, strong version control and benchmarking, extensive documentation, and user support . The 46 large user base permits extensive model diagnosis and generates a continual stream of new developments 47 to maintain the model at the forefront of the science. Implementation of these developments in the 48 standard GEOS-Chem code can be done quickly and efficiently because of the simplicity of the code and 49 the common interests of the user community. Maintaining state-of-science capability is more challenging 50 in ESMs because of complexity of managing the central code and the need for dialogue across research 51 communities to prioritize model development. On the other hand, CTMs such as GEOS-Chem have more 52 difficulty staying abreast of high-performance computing (HPC) technology because of limited software 53 engineering resources. 54
Here we present a re-engineered standard version of the GEOS-Chem CTM capable of serving as a 55 flexible atmospheric chemistry module for ESMs. A key innovation is that GEOS-Chem is now grid-56 independent, i.e., it can be used with any geophysical grid. The same standard GEOS-Chem code can be 57 integrated into ESMs through the Earth System Modeling Framework (ESMF, Hill et al., 2004) interface, 58 or used as before as a stand-alone CTM driven by assimilated meteorological data. The re-engineered 59 grid-independent flexibility has been integrated into the standard open-code version of the GEOS-Chem 60 CTM. The exact same scientific code in the GEOS-Chem CTM now serves as atmospheric chemistry 61 module in the GEOS-5 ESM. Scientific updates to the standard GEOS-Chem CTM contributed by its user 62 community are immediately integrated into the GEOS-5 ESM, so that the ESM effortlessly remains state-63 of-science and traceable to the latest standard version of GEOS-Chem. 64 65
Grid-Independent GEOS-Chem Model Description 66
The GEOS-Chem CTM consists of four modules executing operations for chemistry and dry deposition, 67 emissions, wet deposition, and transport ( Fig. 1) . GEOS-Chem solves the general Eulerian form of the 68 coupled continuity equations for m chemical species with number density vector n = (n 1 ,…,n m )
Here U is the wind vector (including sub-grid components parameterized as turbulent diffusion and 72 convection). and P i (n) and L i (n) are the local production and loss rates of species i including terms to 73 describe chemical reactions, aerosol microphysics, emissions, precipitation scavenging, and dry 74 deposition. In GEOS-Chem, as in all 3-D CTMs, equation (1) is solved by operator splitting to separately 75 and successively apply concentration updates over finite time steps from a transport operator 76 77 The ESMF-enabled GEOS-Chem was embedded within the NASA GEOS-5 ESM (version Ganymed-187 4.0). The GEOS-5 ESM is the forward model of the GEOS-5 atmospheric data assimilation system 188 (GEOS-DAS) (Ott et al., 2009; Rienecker et al., 2008 
.1). GEOS-200
Chem's shared-memory (OpenMP) parallelization was disabled.
201
The coupled GEOS-5/GEOS-Chem system was tested on 2 o x2.5 o and 0.5 o x0.625 o grids with a standard 202 oxidant-aerosol simulation using 120 chemical species of which 66 are transported ("chemical tracers").
203
Radical species with very short chemical lifetimes are not transported. The chemistry module used the 204 RODAS-3 (4-stage, order 3(2), stiffly accurate) solver with self-adjusting internal time step (Hairer and 205 Wanner, 1996) as part of the Kinetics Pre-processor (KPP, Eller et al., 2009; Sandu and Sander, 2005 Figure 2 for 48 cores are relative to the 8-process GEOS-Chem CTM simulation (i 231 = 0), which uses different shared-memory processes and a different transport code for chemical tracers 232
only. The two simulations are not strictly comparable but results serve to benchmark the performance of 233 the GEOS-5/GEOS-Chem system against the GEOS-Chem CTM.
234
We find that the scaling efficiency for the chemistry module (GEOS-Chem) in the GEOS-5/GEOS-235
Chem system is close to unity (0.78 ± 0.10) for all numbers of cores, reflecting the independent nature of 236 the chemistry calculation for individual columns. Scaling efficiency of the dynamics and "other" 237 components decreases with increasing number of cores and becomes negative above 192, reflecting the 238 small number of gridpoints allocated to individual cores and hence the increased relative cost of 239 communicating between processes vs. operating within local memory, reflecting what is commonly 240 referred to as weak scaling, or scalability as a function of problem size. Using a large number of cores is 241 less effective for a more coarse resolution simulation.
242
The 0.5 o x0.625 o resolution simulation was used to examine the performance of the GEOS-5/GEOS-243
Chem system when operating on a finer grid resolution than permitted by the GEOS-Chem CTM using 244 shared-memory OpenMP parallelization. The higher resolution also increases the problem size, permitting 245 the efficient use of more computing power. For this simulation, the horizontal grid was decomposed into 246 24x25 lat/lon blocks over 600 cores. The 0.5 o x0.625 o resolution simulation completed 0.35 simulation 247 years per wallclock-day.
248
About 20% of the walltime spent on chemistry in the GEOS-5/GEOS-Chem system was spent copying 249 and flipping the vertical dimension of chemical tracer arrays between the GEOS-5 ESM and GEOS-250
Chem. This would be overcome to a large extent by linking GEOS-Chem tracer arrays to the ESMF using 251 pointers, which access memory locations of preexisting variables directly. This cannot be done within the 252 GEOS-5 ESM for two reasons: (1) GEOS-Chem stores concentrations in double-precision arrays, while 253 the GEOS-5 system generally uses single precision. Figure 1 . Coupling between the GEOS-Chem CTM (dashed beige box) and an ESM (blue box). The schematic shows how the coupling is managed through the ESMF, and utilizes only the GEOS-Chem components bound by the ESM box: Transport modules in the GEOS-Chem CTM are bypassed and replaced by the ESM transport modules through the atmospheric dynamics simulation . 
